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INTRODUCTION 

O i l - sha le  r e t o r t i n g  i s  thermal process, ye t  t h e  thermal c o n d u c t i v i t y  o f  o i l  
shale i s  incomplete ly  known.T1) A d e t a i l e d  knowledge o f  t h e  thermal c o n d u c t i v i t y  i s  
necessary before the  temperature d i s t r i b u t i o n s  i n  o i l - s h a l e  rocks,  i n  o i l - s h a l e  beds, 
and i n  the  rock surrounding i n  s i t u  o i l - s h a l e  r e t o r t s  may be a c c u r a t e l y  determined. 
The l i m i t e d  exper imenta l  data and l i m i t e d  t h e o r e t i c a l  understanding o f  the thermal 
c o n d u c t i v i t y  o f  o i l  sha le  t o  da te  h inders c o n t r o l  o f  i n  s i t u  r e t o r t i n g  processes 
and l i m i t s  the accuracy o f  mathematical s i m u l a t i o n s  o f  o i l - s h a l e  r e t o r t i n g .  

Previous s t u d i e s ( 2 ~ 3 )  o f  t he  thermal c o n d u c t i v i t y  o f  o i l  shale recognized t h a t  
thermal c o n d u c t i v i t y  could vary w i t h  temperature, kerogen con ten t ,  and varve geome- 
t r y .  However, o t h e r  aspects o f  t h e  t h e r  a c o n d u c t i v i t y  were never ex tens i ve l y  
s tud ied.  For example, P ra ts  and O'BrienT'j r e p o r t  chemical analyses o f  o i  I - s h a l e  
samples o f  nea r l y  equal F ischer  assay, but  which e x h i b i t  s u b s t a n t i a l l y  d i f f e r e n t  
minera l  ma t r i x  composit ions. I t  i s  unreasonable t o  expect two o i l - s h a l e  samples of  
equal grade but  d i f f e r e n t  m ine ra l  composit ion woul e x h i b i t  i d e n t i c a l  thermal and 

such as n a h c o l i t e  and dawsonite, decomposed over  the  temperature range used i n  t h e i r  
experiments and a r e  t h e r e f o r e  the  most l i k e l y  m ine ra l s  t o  a f f e c t  t he  thermal and 
e l e c t r i c a l  p r o p e r t i e s  o f  o i l  shale. These u t i l i z e d  t h e  t r a n s i e n t  1 i ne  
probe technique t o  measure thermal c o n d u c t i v i t y .  Th i s  technique r e l i e s  on a d i f -  
f u s i o n a l  heat f l o w  model and u t i I i f f 5  a thermal h i s t o r y  sample t reatment  which masks 
the  e f f e c t s  o f  chemical react ions.  However, these chemical r e  ions s i g n i f i -  

t o  understanding t h e  behavior o f  thermal c o n d u c t i v i t y .  

e l e c t r i c a l  c o n d u c t i v i t i e s  du r ing  r e t o r t i n g .  Cook( t ) noted t h a t  carbonate m ine ra l s ,  

c a n t l y  e f f e c t  t h e  temperature d i s t r i b u t i o n  i n  an o i l - s h a l e  r e t o r t  w and form a key 

A key t o  u n r a v e l l i n g  some o f  t he  comp lex i t i es  i n  t h e  thermal c o n d u c t i v i t y  o f  
o i l  shale l i e s  i n  simultaneous parameter measurements. I n  t h i s  i n v e s t i g a t i o n  t h e r -  
mal c o n d u c t i v i t y  and e l e c t r i c a l  c o n d u c t i v i t y  were measured s imul taneously  as a func-  
t i o n  o f  organic  con ten t ,  temperature and under s t r e s s  l e v e l s  s i m u l a t i n g  f i e l d  cond i -  
t i o n s .  These parameters were c o r r e l a t e d  and, as such, y ie lded  much more u s e f u l  re -  
s u l t s  than thermal c o n d u c t i v i t y  data alone. Some d e v i a t i o n s  from t h e  major t rends  
o f  prev ious work were observed. 

SAMPLE PREPARATION 

Mine- f resh rocks were obta ined from t h e  Paraho O i l  Shale Development Corpora- 
t i o n ,  R i f l e ,  Colorado. Other samples were obta ined f rom t h e  Laramie Energy Research 
Center (LERC), Laramie, Wyoming. The f i v e  samples se lected were analyzed by LERC 
us ing  nuc lear  magnetic resonance. The i r  o i l  y i e l d  and sample number a r e  g i ven  i n  
t a b l e  1 .  Test specimens, c u t  perpendicu lar  t o  t h e  bedding p lane,  were c a r e f u l l y  
se lected t o  i nsu re  t h a t  bo th  t h e  o rgan ic  and t h e  m ine ra l  ma t te r  were f a i r l y  evenly  
d i s t r i b u t e d  and t h a t  t he  specimens conta ined no v i s i b l e  f r a c t u r e s .  The po l i shed  
specimens measured 2 inches i n  diameter and 3 / 4  i nch  t h i c k .  A groove, 0.100 inch  
deep, as shown i n  F ig .  7 ,  was c u t  on each face o f  the specimen. Thermocouples i n  
double bore ceramic tubes were i nse r ted  i n  the grooves, w i t h  t h e  j u n c t i o n  placed i n  
d i r e c t  contact  w i t h  the  shale. The thermocouples were f i x e d  i n  p lace  w i t h  Saureisen 
Cement. 

+ Supported under c o n t r a c t  from the Laramie Energy Research Center o f  t he  U . S .  ERDA. 
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EXPERIMENTAL PROCEDURE 
I 

Measurements were taken i n  a mod i f i ed  D y n a t e ~ h ' ~ )  TCFCM thermal c o n d u c t i v i t y  
apparatus. T h i s  apparatus i s  shown i n  F ig .  l a .  e thermal c o n d u c t i v i t y  measure- 
ment technique used i s  t h e  "Comparative Th is  technique does no t  requ i re  
(1)  a d i f f u s i o n a l  model o f  heat f l ow ,  as does t h e  t r a n s i e n t  l i n e  probe method; (2) 
i t  does n o t  r e q u i r e  d r i l l i n g  an e x t r a  thermocouple i n s e r t i o n  h o l e  i n t o  t h e  o i l  shale 
sample; and ( 3 )  i t  does not r e q u i r e  thermal h i s t o r y  techniques to be u t i 1  
comparative method i s  s i m i l a r  t o  t h e  standard Guarded Ho tp la te  Technique, but  i s  
much fas te r  and r e s u l t s  i n  o n l y  a small  s a c r i f i c e  i n  accuracy. The mod i f i ed  appara- 
tus  was c a l i b r a t e d  by measuring the  thermal c o n d u c t i v i t y  o f  Pyrex 7740 a number o f  
t imes. The r e s u l t s  showed a maximum d e v i a t i o n  o f  4 percent  from publ ished NBS 
resu 1 t s .  

i8td- The 

The o i l - s h a l e  sample was sandwiched between two copper d i s c s  and t h e  u n i t  was 
sandwiched between two Pyrex 7740 reference samples as shown i n  F ig .  l b .  The i n i t i a l  
pressure was s e t  u s i n g  a Morehouse Ring Force gauge and power-screw apparatus shown 
i n  F ig.  l a .  The p ressu re  v a r i a t i o n  was determined by t h e  v a r i a t i o n  on a r i n g  f o r c e  
gauge d i a l  i n d i c a t o r .  The e l e c t r i c a l  res i s tance  was determined by measuring the  
r e l a t i v e  vo l tage  d rop  across t h e  sha le  between t h e  two copper d i s c s  as compared t o  a 
re fe rence  r e s i s t o r .  A m ic rovo l tme te r  was used to determine these vo l tages.  

Complete runs were made on each sample a t  f ou r  average i n i t i a l  pressures shown 
in  t a b l e  2 .  These runs were done i n  an a i r  atmosphere a t  an approximate average 
hea t ing  r a t e  o f  65' F per  hour. 
cont inued u n t i l  t h e  o i l  shales l o s t  s t r u c t u r a l  i n t e g r i t y - - t h a t  i s ,  t o  t h e  tempera- 
t u r e  where t h e  shale underwent complete s t r u c t u r a l  co l l apse .  Each specimen was 
heated i n  45" F to 90" F increments per hour w i t h  a s tack  temperature g rad ien t  o f  
36" F t o  54" F mainta ined across t h e  t e s t  s tack.  When thermal steady s t a t e  was a t -  
ta ined,  which requ i red  about  45 minutes per  increment, s tack  temperatures, pressure, 
e l e c t r i c a l  r e s i s t i v i t y ,  and t ime  were recorded. The heaters  were turned o f f  du r ing  
t h e  pressure and e l e c t r i c a l  r e s i s t i v i t y  measurements t o  e l i m i n a t e  a r t i f a c t s  caused 
by heat ing and s t r a y  magnetic f i e l d s  

Experiments were s t a r t e d  a t  ambient temperature and 

DATA ANALYSES 

Experimental d a t a  were analyzed w i t h  a HP 2100 minicomputer. Thermal conduc t i v i -  
t y  was computed acco rd ing  t o  equat ion 

where t h e  s u b s c r i p t  "5" denotes t h e  o i l  shale,  "TR" t he  t o p  reference,  and 
bottom reference.  K i s  t h e  thermal c o n d u c t i v i t y ,  AT the  temperature drop, i:rxhe 
t h e  thermocouple t o  thermocouple spacing. 

E l e c t r i c a l  c o n d u c t i v i t y ,  s tack  temperatures, and pressure were a l s o  s to red  i n  a 
computer memory. These t h r e e  s e t s  o f  experimental data pe rm i t ted  us t o  compute three 
de r i ved  parameters as shown i n  F ig .  6 :  (1) one parameter c o e f f i c i e n t  o f  thermal 
expansion was computed u s i n g  Equat ion 2 

I 
where.ko i s  t h e  o r i g i n a l  sample l e n g t h , A l t h e  change i n  sample l eng th  over t h e  temp- 
e r a t u r e  i n t e r v a l  AT; (2) t h e  second de r i ved  parameter i s  t he  res i s tance  r a t i o  as i t  
was computed accord ing t o  Equation 3 
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(3! the t h i r d  de r i ved  parameter, energy balance, i s  computed accord ing t o  Equation 4. 
Th is  parameter equals the  r a t i o  o f  t he  heat f l o w i n g  i n t o  the  top  o f  t h e  o i l  shale 
(QT) t o  the heat f l ow ing  o u t  o f  t h e  bottom of the  o i l - s h a l e  sample (QB). 

(4 )  

The energy balance r a t i o  (Q /Q ) should equal u n i t y  a t  e q u i l i b r i u m ,  but  dev ia tes  
s i g n i f i c a n t l y  from u n i t y ,  as shown i n  Fig. 6 ,  when heat  i s  generated o r  absorbed du r -  
i ng  chemical reac t i ons  o r  phys i ca l  t rans fo rma t ions  w i t h i n  t h e  sample. The presence 
of  carbonate m ine ra l s  i n  an  a i r  ambient atmosphere caused chemical r e a c t i o n s  t o  oc-  
cu r  which s e r i o u s l y  e f f e c t e d  energy balance and temperature d i s t r i b u t i o n s .  The t h e r -  
mal c o n d u c t i v i t y  i s  no t  u s u a l l y  de f i ned  under nonequ i l i b r i um c o n d i t i o n s  such as those 
encountered over much of t h e  temperature range we observed. What was measured was an 
e f f e c t i v e  thermal c o n d u c t i v i t y .  Moreover, i t  can be shown t h a t  Equation 1 ho lds i n  
t h e  prggence o f  heat genera t i on  w i t h i n  the  sample as w e l l  as under e q u i l i b r i u m  cond i -  
t i o n s .  The e f f e c t i v e  thermal c o n d u c t i v i t y  inc luded t h e  e f f e c t  o f  t h e  carbonate 
and kerogen decomposit ions, as w e l l  as the  varve boundaries, cracks,  and pores. 

DISCUSSION OF EXPERIMENTAL DATA 

T B  

The thermal c o n d u c t i v i t y  versus temperature f o r  f o u r  grades o f  o i l  shale a t  f o u r  
d i f f e r e n t  i n i t i a l  pressures, i s  shown i n  F ig .  2 .  The e f f e c t  o f  pressure on the  
thermal c o n d u c t i v i t y  becomes s i g n i f i c a n t  o n l y  a t  h i g h  temperatures. The pressures 
exer ted by the o i l  shales on t h e  press bar as a f u n c t i o n  o f  temperature a r e  shown 
i n  Fig. 3 .  Even a t  low temperatures, these pressures were seen t o  increase. The 
pressures cont inued t o  increase u n t i l  t h e  specimens reached t h e  s t r u c t u r a l  t r a n s i -  
t i o n  temperature, a t  which p o i n t  t h e  specimens f a i l e d  t o  s u s t a i n  any s t r e s s  and 
co l lapsed.  The r a p i d  decrease i n  pressure and eventual  loss o f  s t r u c t u r a l  i n t e g r i t y  
over a narrow temperature range was f i r s t  r epo r ted  by T isot . ( 'O)  

The s t r u c t u r a l  t r a n s i t i o n  temperature a l s o  marks a s i g n i f i c a n t  change i n  t h e  
e l e c t r i c a l  and thermal t r a n s p o r t  parameters. F ig .  4 i n d i c a t e s  t h a t ,  j u s t  p r i o r  t o  
the  onset o f  s t r u c t u r a l  y i e l d ,  t h e r e  i s  a change i n  t h e  mechanism o f  t h e  e l e c t r i -  
c a l  c o n d u c t i v i t y .  A measure of the  na tu re  o f  t h e  e l e c t r i c a l  conduct ion mechanisms 
i s  the  a c t i v a t i o n  energy f o r  e l e c t r o n i c  conduct ion,  which i s  t he  s lope of t h e  e l e c -  
t r i c a l  c o n d u c t i v i t y  versus i nve rse  temperature ( l /KT)  curve.  The a c t i v a t i o n  energy 
f o r  e l e c t r o n i c  conduct ion may be obta ined from Equat ion 5 

(5) 

whereG2 and a; a r e  t h e  c o n d u c t i v i t i e s  measured a t  temperatures T, and T2. The e l e c -  
t r i c a l  c o n d u c t i v i t y  i s  p l o t t e d  as a f u n c t i o n  o f  i nve rse  temperature i n  F ig .  4. E lec-  
t r i c a l  c o n d u c t i v i t y  e x h i b i t s  cons iderable va r iance  a t  low temperatures, but  a l l  
curves tend t o  c o i n c i d e  a t  temperatures approaching t h e  s t r u c t u r a l  t r a n s i t i o n  temp- 
e ra tu re  and above (F ig.  5). A least -squares f i t  t o  t h e  data y i e l d s  an a c t i v a t i o n  
energy f o r  e l e c t r i c a l  c o n d u c t i v i t y  o f  1.8 eV a t  temperatures above t h e  s t r u c t u r a l  
t r a n s i t i o n  temperature. A f t e r  t h e  t r a n s i t i o n  temperature, c o n d u c t i v i t y  a c t i v a t i o n  
energy i s  reduced by a f a c t o r  o f  almost two. The r a p i d  r i s e  i n  e l e c t r i c a l  conduc- 
t i v i t y  i s  accompanied by a marked increase i n  t h e  thermal c o n d u c t i v i t y .  However, 
j u s t  p r i o r  t o  the  s t r u c t u r a l  t r a n s i t i o n  temperature, t h e  thermal c o n d u c t i v i t i e s  a t -  
t a ined  a minimum (Fig. 2) .  A f t e r  t he  t r a n s i t i o n  temperature, t h e  thermal conduc- 
t i v i t i e s  increase. These increases i n  therma! c o n d u c t l v i t y  a r e  accompanied by a more 
r a p i d  r i s e  i n  the  e l e c t r i c a l  c o n d u c t i v i t y ,  suggest ing a p o s s i b l e  e l e c t r o n i c  o r i g i n  o f  
t he  increase i n  thermal c o n d u c t i v i t y  above t h e  s t r u c t u r a l  t r a n s i t i o n  temperature. 
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I One p o s s i b l e  mechanism f o r  t h e  increase i n  t h e  thermal c o n d u c t i v i t y  a t  h igh  temp- 
e r a t u r e  i s  a fundamental change i n  the  heat conduct ion mechanism a t  t h e  s t r u c t u r a l  
t r a n s i t i o n  temperature. A t  low temperatures the s h a l e  i s  nonporous and conduction i s  
main ly  through s o l i d - s o l i d  con tac t .  The onset  o f  chemical r e a c t i o n s  i n  t h e  o i l  shale, 
such as t h e  decomposit ion of carbonates, a l t e r s  t h e  man e r  i n  which heat f l ows  through 
the  o i l  shale. Thus, i n  c o n t r a s t  t o  o t h e r  workers, (2 i3y t h e  experimental da ta  show 
t h a t  the thermal c o n d u c t i v i t y  o f t e n  remains steady o r  increases w i t h  i nc reas ing  temp- 
e ra tu re .  Near the  s t r u c t u r a l  t r a n s i t i o n  temperature, t he  o i l  shale, which was under 
u n i a x i a l  compression, began t o  conso l i da te .  However, the o i l  shale could expand 
r a d i a l l y ,  and r a d i a l l y  d i r e c t e d  c racks  and f i s s u r e s  could form. These s t r u c t u r a l  
f l aws  f i l l  w i t h  a i r  and gas, which have ve ry  low thermal c o n d u c t i v i t y ,  and therefore 
reduce the thermal c o n d u c t i v i t y  o f  t he  o i l  shale. Above t h e  s t r u c t u r a l  t r a n s i t i o n  
temperature, o i l  sha le  begins t o  undergo s t r u c t u r a l  f a i l u r e  a long w i t h  chemical de- 
composit ion. Large numbers o f  pores which become i n c r e a s i n g l y  f i l l e d  w i t h  shale o i l  
a r e  formed (F ig.  7 ) .  Th i s  sha le  o i l  o r i g i n a t e s  i n  those p o r t i o n s  o f  t h e  o i l  shale 
t h a t  begin t o  r e t o r t .  A s  o i l  shale approaches r e t o r t i n g  temperature, t he  r e l a t i v e  
c o n t r i b u t i o n s  o f  s o l i d - f l u i d  and f l u i d - f l u i d  heat t r a n s f e r  mechanisms inc rea  e 

I 

I 
a t  r e l a t i v e l y  low p o r o s i t i e s ,  can dominate t h e  thermal t r a n s p o r t  p r o p e r t i e s .  Illyd, 

The increase o f  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s  a t  h igh  temperatures, pos- 
s i b l y  caused by o i l - f i l l e d  pores, i s  supported by prev ious work which demonstrated 
t h a t ,  f o r  porous rocks,  t he  e l e c t r i c a l  and therma c n d u c t i v i t i e s  can be r e l a t e d  t o  
one another through a common parameter--porosity.112y I n  a d d i t i o n ,  shale o i l  a t  high 
temperatures appears to  be h i g h l y  e l e c t r i c a l l y  conduct ive.  Dur ing one experiment, 
some shale o i l  seeped i n t o  a heater  winding and caused a s h o r t  c i r c u i t  which dam- 
aged the heater .  The h i g h  e l e c t r i c a l  c o n d u c t i v i t y  o f  hot sha le  o i l  could cause d i f -  
f i c u l t y  i n  measuring o i l - s h a l e  behavior a t  h i g h  temperatures s i n c e  t h e  sha le  o i l  
could s h o r t - c i r c u i t  thermocouples o r  o t h e r  e l e c t r i c a l  transducers, un less they a re  
p roper l y  i nsu la ted .  It was a l s o  observed t h a t  t h e  gray,  r e t o r t e d  sec t i ons  o f  the 
o i l - s h a l e  samples used e x h i b i t e d  much h ighe r  r e s i s t i v i t y  than the  u n r e t o r t e d  sections. 

The raw da ta  e x h i b i t e d  cons ide rab le  v a r i a t i o n s  a t  p a r t i c u l a r  temperatures. These 

I 

I 

I 

I 

v a r i a t i o n s  a r e  accentuated, and in terparameter  c o r r e l a t i o n s  h i g h l i g h t e d ,  when t h e  
r e s i s t i v i t y  r a t i o ,  thermal  expansion c o e f f i c i e n t  and energy balance a t  t he  tempera- 
t u r e  measurement da ta  p o i n t s  a r e  p l o t t e d  f o r  t he  v a r i o u s  grades. A t y p i c a l  curve i s  
shown i n  F ig .  6. The energy balance should be u n i t y  i n  e q u i l i b r i u m ,  but  i t  begins t o  
d e v i a t e  s u b s t a n t i a l l y  from u n i t y  as the sha le  undergoes decomposi t ion reac t i ons .  
These samples were heated i n  a i r  and, hence, were subject  t o  a number o f  carbonate 
decomposit ions beginning a t  about 195 F. 
a r e  accompanied by r e s i s t i v i t y  changes. The s t r u c t u r a l  t r a n s i t i o n  temperature i s  
marked by r a p i d  r i s e s  i n  the  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s .  

S i g n i f i c a n t  changes i n  t h e  energy balance 

SUMMARY AND CONCLUSIONS 

The r e s u l t s  from t h i s  i n v e s t i g a t i o n  show t h a t  when o i l  shale i s  heated i n  a i r :  

(1) The thermal c o n d u c t i v i t y  remains r e l a t i v e l y  constant  up to t h e  s t r u c -  
t u r a l  t r a n s i t i o n  temperature (0.5 0.15 Btu/ft-OF). 

(2) I n  a narrow temperature range around the  s t r u c t u r a l  t r a n s i t i o n  temp- 
e r a t u r e ,  thermal c o n d u c t i v i t y  a t t a i n s  a minimum and then increases. 

(3) A t  temperatures above t h e  s t r u c t u r a l  t r a n s i t i o n  temperature, a l l  
grades of  s h a l e  e x h i b i t  t h e  same a c t i v a t i o n  energy f o r  e l e c t r o n i c  
conduct ion (1.8 ev) .  

The va lues of the  e l e c t r i c a l  c o n d u c t i v i t y  tend t o  c o i n c i d e  a t  temp- 
e r a t u r e s  above the  s t r u c t u r a l  t r a n s i t i o n  temperature. 

d u c t i v i t y  i s  low and e x h i b i t s  a spread i n  a c t i v a t i o n  energ ies 
centered around 3.5 eV. . 

I ( 4 )  

(5)  Below t h e  s t r u c t u r a l  t r a n s i t i o n  temperature, t he  e l e c t r i c a l  con- 
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(6) Simultaneous measurement o f  e l e c t r i c a l  c o n d u c t i v i t y ,  thermal conduc- 
t i v i t y ,  and pressure pe rm i t s  t h e  computation o f  t h ree  d e r i v e d  param- 
e te rs - - the  c o e f f i c i e n t  o f  thermal expansion, t h e  energy balance r a t i o ,  
and t h e  res i s tance  r a t i o .  

The exper imenta l  data p o i n t  t o  a common mechanism f o r  t h e  increase 
in  thermal and e l e c t r i c a l  c o n d u c t i v i t i e s  a t  temperatures above t h e  
s t r u c t u r a l  t r a n s i t i o n  temperature. Th is  mechanism i s  t h e  f i l l i n g  
o f  pores w i t h  conduct ive shale o i l .  

(7 )  

The da ta  repo r ted  here can be used t o  develop an improved mathematical model o f  
o i l - s h a l e  r e t o r t i n g .  
sors  which p r e d i c t  t he  onset o f  s t r u c t u r a l  f a i l u r e  and kerogen decomposit ion. 

The e l e c t r i c a l  and pressure da ta  can be used t o  develop sen- 
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Sample Grade (ppt) 

AAII top 
AAII bottom 
AA2 top 
AA2 bottom 
AAa top 

21.6 
25.1 
29.6 
32.2 
41.9 

Table 1 Notation For Oil Shale Grades Reported in Subsequent Figures 

Condition 

1 
2 
3 
4 

Uniaxial Pressure Applied 
to Sample (psi) 

120 
310 
460 
600 

Table 2 Notation used in Figures To Designate the Four Conditions of Pressure 
applied to the Sample 

I 

I 

a 

Fig. 1: a) Apparatus 

b 

b) Test Stack I 
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Fig 2: Thermal Conductivity versus Temperature for four 
selected grades of oil shale at four different pressures 
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Fig.  3.  VRriation of Pressure with Temperature t o r  Samples 
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F ig .  4 :  E l e c t r i c a l  Conductivity versus temperature with pressure a s  a parameter 
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Fig. 5. Plot of least squares fit of resistivity vs. temperature for many 
oil shale samples which exhibit an activation energy of 1.8 eV. 
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Fig. 6 Derived parameters: energy balance ratio, resistance ratio, 
and coefficient of thermal expansion versus temperature ( O F )  
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Fig. 7 Samples before and after experiment 
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